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Introduction
Supercapacitors or electrochemical capacitors are an intensely researched area for energy storage and conversion due to their high power densities, high energy densities, and long life cycles [1] . Current commercial uses of supercapacitors include personal electronics, mobile communications, back-up power and storage and industrial power and energy management [2, 3] . A recent application is the use of supercapacitors in the emergency doors on the Airbus A380, highlighting their safe and reliable performance [3] . Supercapacitors can have designs including stacked and spiral wound which maximises the performance and efficiency [1] .
An ideal graphene sheet is a single-atom thick nanostructured sheet arranged in a two dimensional honeycomb lattice exhibiting a theoretical surface area of 2630 m 2 /g, giving it the potential for the use in electrochemical devices [4, 5] . Economically speaking, graphitic forms of carbon are widely available, while large scale synthesis of graphene (and its derivatives such as graphene oxide) being readily simple procedures to perform [5, 6] . The advantage of graphene is its ability to be used as a high surface area conducting scaffold in a given electrode system, which not only provides good electrical properties but a robustness and support of the structure [6] . Its disadvantage is that the conductivity of polycrystalline graphene is limited by the high resistance of the grain boundaries [7] . CNTs are materials of also a great interest in the area of energy storage and conversion due to their favourable electrical and mechanical properties, as well as low cost and abundance [8] . The theoretical amount of current a CNT can carry is 10 9 A/cm 2 along its length, while Young's modulus ranges from 1054 -1200 GPa [9, 10] . CNTs are thus able to enhance the conductivity of electrode systems [11] . The mechanical, chemical, and electronic properties, coupled with the high aspect ratio of graphene make it attractive for applications in composite materials [12] . Composites containing CNTs and graphene are materials of particular interest in the energy storage and conversion area due to their favourable properties, which can result in unique optical, electrical, magnetic and chemical properties substantially different from the individual components [4, [13] [14] [15] [16] . It has been shown that the combination of both CNTs and graphene allows an expressway of electron transport from the electrode material to the current collector [17] . The ability of the CNTs to wrap around the graphene sheets helps to create a high electroactive surface area (ESA) electrode while increasing electrical conductivity and mechanical stability [4, [17] [18] [19] . The combination of high surface area and nanoscopic charge separation can potentially lead to a material with high energy and power density [12, 19] . In this paper, we describe a facile method to develop electrodes of SWNT and exfoliated graphene oxide (mw rGO) with varying compositions via sonication, centrifugation and vacuum filtration. These composites are then optimised with the best performing weight ratio used in the fabrication of a supercapacitor with a stacked electrode configuration (SEC). The reason for the SEC is to increase the amount of material that can be used in a single device, while still allowing the electrolyte to interact with as much surface area as possible. In current commercial supercapacitor systems, multiple devices are configured in series and / or parallel depending on the voltage and current needs [20] . This leads to a certain space requirement, and the more devices needed the more space that is used. By employing a SEC, it is possible to reduce the amount of space needed for supercapacitor systems which is important for industrial applications where device foot print needs to be minimised [1] . Based on the properties and performance described in this paper, the composite created has potential to significantly enhance the energy density of supercapacitors systems.
Experimental Preparation of microwave exfoliated GO.
Graphene oxide was synthesised using a modified Hummers method as outlined by Marcano et. al. [21] . In detail, 1 g of graphite powder (Bay Carbon Inc.) was added to 60 ml of concentrated (98% w/v) H 2 SO 4 (Univar) and mixed thoroughly for a few minutes. Then 3.5 g of KMNO 4 (Sigma-Aldrich) was added in small aliquots so as the temperature did not exceed 100 0 C. This mixture was left stirring overnight for 18 hours. 300 ml to 500 ml of distilled H 2 O was added (ice bath condition) to hydrolyse the intercalation compound that forms graphite oxide. Lastly, 30% aqueous H 2 O 2 (Univar) (drop wise, approximately 3 ml) is added until a complete colour change is observed. The H 2 O 2 is added after hydrolysis to decompose permanganate ions into manganese (IV) ions where after the manganese (IV) ions are removed by vacuum filtration (PVDF membrane, 0.22 micron pore size) by washing twice with concentrated (36 % w/v) HCl (Univar), water, and ethanol. The HCl ensures no undesirable manganese hydroxides form, which can get trapped in between the graphene / graphite layers [22] . After vacuum filtration the slurry is dried in a vacuum oven overnight at 50 0 C.
Exfoliated GO (mw rGO) was formed by using a commercial microwave-chemistry system (APEX, Shanghai EU Microwave Chemistry Technology, Co. Ltd.). After an irradiation time of approximately 5 -10 sec under the power of 1000W, the GO glowed red-hot accompanied by fuming and sparking, leading to a remarkable volume expansion caused by the violent expulsion of the volatile species from the interlayer spaces of the graphene intercalation compound [23, 24] .
Synthesis and fabrication of SWNT-mw rGO electrodes.
SWNTs (HiPCo,Continental Carbon Nanotechnologies Inc and mw rGO were dispersed using 1-cyclohexyl-2-pyrrolidone (CHP) at a concentration of 1 mg/ml using a combination of probe sonication at 30% amplitude for 60 minutes, (Branson probe sonifier) and bath (Branson B1500R-MT) for 90 minutes. The dispersion was left overnight for reaggregation to occur after which centrifugation (Eppendorf Centrifuge 5415 D) was carried for 90 minutes at 2500 rcf / 4000 rpm. The concentration of the supernatant was determined via Ultra Violet-Visible Spectroscopy (UV-VIS) using a Shimadzu UV-1800. The sample was then diluted to a concentration of 0.4 mg/ml.
SWNT-mw rGO composites were prepared at the following weight ratios: 100-0, 95-5, 90-10, 85-15, 80-20, 50-50, 40-60, and 0-100. Dispersions of SWNT and mw rGO were mixed via a combination of probe sonication for 30 minutes at 30% amplitude (1 sec on / 1 sec off pulse), bath sonication for 90 minutes. Films having varying thicknesses of 1, 1.5, 2.5, 4.5, 6.5, 10.5, 17, and 21.5 micron were made using vacuum filtration onto platinum sputter coated (100 nm thickness) Millipore PVDF membrane with a pore size of 0.1 um and thickness of 100 µm. All electrodes were plasma treated for 20 minutes to enhance the wettability of the electrode in aqueous environments. The plasma treatment used a Harrick Plasma Cleaner PDC-32G-2 and Plasmaflo PDC-FMG. Air flow was kept at 1100 mTorr for 20 minutes. The composite was removed from the platinized PVDF membrane for device testing.
Electrochemical characterisation.
Electrochemical studies of the fabricated electrodes with varied weight ratios and thicknesses were performed using a three electrode set up with a Pt mesh counter (2cm 2 ) , and Ag/AgCl reference electrode in 1 M NaNO 3 in order to determine the optimum electrode composition electrochemical response and kinetic response as a function of thickness. Upon optimization of electrode composition and thickness of 90%SWNT-10% mw rGO was determined, supercapacitor device testing occurred using a Swagelok system where a nylon union tube fitting was modified to house two stainless steel current collectors as can be seen by Figure 6a . This type of cell is commonly used in supercapacitor device testing as shown by Demarconnay et. al. and Malak-Polaczyk [25, 26] . The material to be studied was sandwiched between these two electrodes, with the PVDF membrane acting as a separator. The electrolyte used was 1 M H 2 SO 4 that was inserted through the top nut. For the stacked cell configuration, each layer of the 90% SWNT -10% mw rGO were each stacked in between stainless steel mesh, with each electrode comprising of five layers. Material loading was dependent on the film thickness of the active electrode material with 1 µm equalling 0.108 mg/cm 2 up to 4.91 mg/cm 2 for the 21 µm thickness. Thickness was optimised for device testing at 17 µm with a mass loading of 3.46 mg/cm 2 for each electrode. Therefore the SEC had 5 layers, with the total mass of active material equalling 17.3 mg/cm 2 . Guidelines were followed from Gogotsi et. al. [27] . The CV response of the Journal Name ARTICLE electrodes was measured using an EDAQ Australia system with EChem V2 software (ADI Instruments Pty Ltd.) with a potential difference of 1.1 V. All EIS measurements were performed at room temperature where the frequency range spanned 100 kHz to 0.1 Hz with an AC amplitude of 10 mV (rms) at OCP using a Gamry EIS 3000TM system. For longterm cyclability of the device, Galvanostatic cycling tests were carried out with a Neware potentiostat, Test Control V.5.0 software, able to record a point every 1 s. The potential window studied was between 0 V and 1.1 V. In all device tests, the electrolyte used was aqueous 1 M H 2 SO 4 due to its good conductivity and compatibility with carbon surfaces [28] . Series resistance modelling was performed using ZView V 3.2, Scribner Associates. All plasma treatments were performed directly before device assembly to ensure the treatment remains stable.
Physical characterization.
Physical characterisation was achieved by scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and Brunauer, Emmett, Teller (BET) surface area and Raman spectroscopy. SEM was able to show the morphology of the SWNT-mw rGO composite. Raman spectroscopy was used to assess the vibrational properties of the hybrid material. SEM images were obtained from a JEOL JSM-7500FA field emission SEM. For SEM the accelerating voltage was 2.0 kV with the emission current being set at 10 μA. Raman spectroscopy was carried out on a Jobin-Yvon Horbia 800 using a 633 nm laser. The data analysis was carried out using Labspec V.5.45.09 software. X-ray photoelectron spectroscopy (PHOIBOS 100 hemispherical energy analyser from SPECS) was done using Al K α radiation (1486.6 eV) in fixed analyser transmission mode. X-ray diffraction (XRD) was performed on a GBC MMA XRD (λ = 1.54 Ǻ) with the voltage and current kept at -40 kV and 25 mA respectively. BET measurements were performed using an Autosorb IQ gas adsorption system from Quantachrome Instruments ™ with ASiQWin V.1.11 software.
Results & Discussion
The SEM images of Figure 1a and Figure 1b are of the raw GO and mw rGO powders. From Figure 1 , some qualitative observations can be made. It can be seen that the GO structure is very uniform, containing valleys and elevated regions, which reflect vast amounts of sheet stacking. In Figure 1b , after microwave irradiation; the GO expands leading to the development of an accordion type structure that is highly porous, forming an interconnected network with minimal restacking [24] . The increased porosity and thus surface area (observed from electrochemical testing) could play a key role in the development and preparation of composite electrode materials. Optical image comparisons (before and after microwave irradiation) are shown in the insets of Figure 1a and Figure 1b where the abrupt change in volume expansion is clearly visible. Microwave irradiation of the GO led to exfoliation through the removal of volatile species from the interlayer spaces of the graphene intercalation compound [23, 24] . The XRD spectra of Figure 1c shows the two distinct peaks for GO at 2θ = 10.2o and 22.0o, and one distinct peak for mw rGO at 2θ = 22 o . The sharp peak at 10.2 o is characteristic of GO powder that corresponds to an interlayer distance of 0.87 nm [29, 30] . The broader peak at 2θ = 22 o corresponds to the (002) crystal plane of graphite and amorphous carbon [31] . It is clear that after exfoliation using microwave irradiation, the sharp peak at 2θ = 10.2 o is suppressed as a result of the rapid expansion of the GO layers. The broadness of the XRD peak from all samples is most likely due to either an increase in disorder of the throughplane direction and/or structural defects inducded by probe sonication [29] . The (002) plane for 100% mw rGO is slightly shifted due to the smaller interplanar spacing of the GO sheets (4.04 Å compared to 4.43 Å). The Raman spectra observed in Figure 2 depicts mw rGO, 90% SWNT -10% mw rGO, and SWNT composite electrodes. The SWNT response is very much a characteristic of single walled nanotubes where the radial breathing modes are located between 150 cm -1 and 305 cm -1 representing the coherent vibration of the C atoms in the radial direction [32] . The ratio of the D/G band (D band is the disorder induced band arising from defects in the walls of the nanotubes; the G band is a result of phonon wave confinement along the circumferential direction of the nanotube that leads to tangential C-C stretching transitions) of 0.150 indicates a high degree of purity for the SWNTs [32, 33] . The shoulder peak (1553 cm -1 ) to the left of the G band (1591 cm --1 ) is most likely from the effect of functional groups on the sp 2 breathing mode [32] . As the ratio of SWNT is decreased (and subsequently mw rGO is increased), it can be seen that the D band of the composite becomes broader. This broadening is thought to be two D band peaks associated with SWNT and mw rGO with the D band of the mw rGO becoming stronger as its weight ratio is increased. When considering mw rGO only, the Raman spectra is characteristic of a sp 2 hybridised material that contains defects on the graphene / graphite basal planes. ; while the G band peak is observed at 1586 cm -1 [34] . An extremely weak 2D
peak is present at 2616 cm -1 which is characteristic of chemically converted graphene oxide as full conversion to pure Journal Name ARTICLE graphene does not occur [34] . The Raman spectra of all composites can be seen in the supporting section, Table S1 and Figure S1 . In Figure 3 cross-section and surface images of SWNT, 90% SWNT -10% mw rGO, and 100 % mw rGO composite electrodes are shown. When considering the 100% SWNT film (Figure 3a and Figure 3d ), the SWNTs are distributed in a nonuniform manner with varying bundle sizes and some agglomeration being apparent. Images of the the 90% SWNT-10% mw rGO composite (Figure 3b and Figure 3e ) reveal a layering effect due to π-π stacking interactions wherein mw rGO sheets are covered with SWNTs. A highly porous structure is generated at the interface of these two nano-carbons. Furthermore, the mw rGO penetrates into the nanotube system, acting as anchor sites which improves electrode conductivity; as evidenced by reduction of the series resistance to 4 Ohm.cm 2 of the 90%SWNT-10%mw rGO film ( Figure S3 ) [35] . It is most likely that the high surface energy of the mw rGO edges attracts the ends of the SWNTs and forms a connection. The surface image shows mw rGO islands / platelets that are uniformly dispersed throughout the SWNT matrix. tThis effect is thought to better tailor the micro-porosity and meso-porosity of the system which maximises the available surface area. The 100% mw rGO film (Figure 3c and Figure 3f ) contains a random distribution of sheets that are crumpled in nature with some restacking effects apparent.
The BET surface areas of the mw rGO and SWNTs powders have been measured at 893 m 2 /g and 1000 m 2 /g respectively. When considering electrode performance, it is important to take into account the ESA. A comparison of the ESA for all the composites (Table S2 ) reveals that the 90% SWNT-10% mw rGO films has the largest ESA (52.9 cm 2 ) Plasma treatment of the electrode materials prior to electrochemical testing was done in order to improve the wettability of the electrode surface (without changing the properties of the bulk) through the addition of functional groups [36] . This is achieved through thermal oxygen atoms interacting chemically with the surface atoms leading to the formation of oxygen-rich functional groups [36] . Contact angle measurements of the 90% SWNT-10%mw rGO composite electrodes ( Figure S4a The CVs observed in Figure 4a display a highly rectangular nature indicative of electric double layer capacitance at a scan rate 500 mV/s [13] . The 90% SWNT-10%mw rGO film achieved the highest specific capacitance of 120 F/g at a scan rate of 500 mV/s, and 306 F/g at 20 mV/s. A full CV comparison of all composites reveals the largest electroactive surface area is obtained by the 90% SWNT-10%mw rGO film (supporting section, Figure S2 ). In Figure 4b , films of 90% SWNT -10% mw rGO were made with thickness in order to establish the maximum amount of utilisable surface area. The specific capacitance was calculated at 20 mV/s and plotted against electrode thickness as is shown in Figure 4b .
As the thickness of the film increases from 1 µm to 21.5 µm (Figure 4b ), the capacitive current per unit area increases as there is more material that interacts with the electrolyte. However, the capacitive current per unit mass decreases as not all of the electroactive surface area is being utilized. The limiting current per unit area is for the 17 micron as it plateaus off after this point. The effects of an increase in thickness can be seen in the Nyquist plot (Figure 4c ) wherein the width of the high frequency semi-circle that corresponds to the polarisation resistance (R p ) increases with thickness. The inset of Figure 4c shows that R p is 3.4 ohm.cm 2 for the 1 µm film and scales to 117.5 Ohm.cm 2 for the 21.5 µm film. R p rises with film thickness due to an increase in diffusion length, as well as a change in the porosity of the electrode. These factors have an adverse effects on the rate of electrolyte diffusion; i.e. it becomes more sluggish [38] . Furthermore, for the 10.5, 17, and 21.5 µm thicknesses, the series resistance (R s ) slightly shifts to the right; i.e. R s is greater for the thicker films. Coupled to this in the middle frequency portion of the spectrum, there is a slight extenuation of the Warburg diffusion region which also indicates sluggish diffusion [39, 40] . Specific capacitance (F/g) calculations can be found in the supporting information. Supercapacitor device fabrication was carried out for the 90% SWNT-10% mw rGO electrode with a thickness of 17 microns using a Swagelok test cell as can be seen from Figure 5 . Figure  5a , the CV of 90%SWNT-10% mw rGO in H 2 SO 4 shows a rectangular behavior due to the electric double layer capacitance, while the reversible redox peaks at 0.3 V and 0.55 V are due to pseudocapacitance arising from the interaction of functional groups of the composite material and the sulphuric acid [28, 41] . Sulphuric acid enhances the redox behaviour as it is thought that H+ or OH-must be involved in the electrochemical reactions according to the strong dependence of pseudocapacitance on the H+ concentration [28] (see supporting Figure S5 ). In Figure 5b , galvanostatic charge / discharge (GCD) curves show a symmetrical behaviour, but with a slight curvature at low current rates of 0.1 A/g and 0.2 A/g indicating pseudocapacitance [27] . In the Ragone plot of Figure 5c , it can be seen that the 90% SWNT -10% mw rGO displays a high energy density of 6 Wh/kg and a maximum power density 1.9 MW/kg respectively. To compare these single electrode results with commercially available supercapacitors, Murata polymer and electric double layer capacitors range from 10 μF-470 mF 38. Generally speaking the energy and power density range can range from 0.1-10 Wh/kg to 1-100 kW/kg 18, 39. Long term stability testing (Figure 5d ) over 10 000 cycles at 1.0 A/g shows and extremely stable and reversible response of the electrode during the charge / discharge process, with the capacity retention of 95% at cycle 10 000. The initial increase in capacitance is due to an initial activation where full wetting and volume expansion / contraction equilibrates the system [40] .
A SEC has been constructed by separating five layers of the 90% SWNT-10% mw rGO with a stainless steel current collector on each electrode as shown in the schematic diagram (Figure 6b ). The design in this manner enhances the ability of the electrolyte ions to access the active surface area, thus improving the ESA and increasing the energy density. The device performance (per electrode volume and excluding the current collector) is increased as this is important to commercial standards and applications [1] .
To demonstrate the overall performance of the SEC, the current rate has been switched over 1500 cycles. In Figure 6c , the current rate has been switched from 0.1 A/g (cycle 1-250), up to 10 A/g (cycle 1001-1250) and back to 0.1 A/g (cycle 1251-1500) with the SEC showing a reversible behaviour as the capacity retention at 1.0 A/g was 97%. [42] , [43] .
The volumetric energy density is 1.43 mW.hr/cm 3 and the power density is 6.25 W/cm 3 respectively as is shown by the Ragone plot of Figure 6d . Here, there is little decrease in the energy density indicating that this configuration has stable energy output over the given power range. Comparatively, our 90% SWNT-10% mw rGO device is on the upper region of current supercapacitor work (see Figure 6d , Ragone plot). Long term stability testing of the stacked electrode device at 1.0 A/g occurred for 10 000 cycles as shown in Figure 7a . Figure 7c and Figure 7d , it can be seen that there is no observable difference in the physical structure of the 90% SWNT -10% mw rGO electrode before and after 10 000 cycles of GCD. In both cases mw rGO is covered and separated by SWNTs. However, it is apparent that after GCD in Figure 7c and Figure 7d , the electrode is denser due to the cell configuration that presses both electrodes and separator between the stainless steel plates. Overall the electrode is stable and robust thus maintaining its integrity as it undergoes the charge / discharge process which is extremely important in practical applications where consistency and reliability must be guaranteed. Equations for capacitance (C), energy density (E), power density (P) and maximum power density (P max ) as either a function of mass or unit volume can be found in the supporting information section [38, 45] : Figure 7 : (a) Long term cyclability at 1.0 A/g using GCD. (b) Nyquist plot prior to and after 5000 and 10 000 cycles. SEM images of 1 layer from the stacked electrode configuration before (c) and after (d) 10 000 cycles of GCD.
Conclusions
In summary, a composite material comprised of SWNTs and mw rGO has been successfully synthesised and fabricated into a composite electrode material. The composite was optimised as an electrode material for use in supercapacitors. SEM showed a structure wherein sheets of mw rGO were intertwined in a SWNT matrix, thus tailoring the micro and meso-porosity which maximises the ESA.
Raman spectroscopy showed SWNT to have a characteristic response, while the mw rGO showed a large D/G band ratio. The D band peak of the composite also broadened as the weight ratio of mw rGO increased due to the large D/G ratio of pure mw rGO. The optimum ratio for the electrode which maximises capacitance was calculated to be 90% SWNT -10% mw rGO with 20 minutes plasma treatment time in order to maximise the wettability of the electrode surface (capacitance 306 F/g). It was found that a thickness of 17 micron was optimum in order to ensure that the capacitance per unit area was maximised.
Long term testing of the device showed excellent stability over 10 000 cycles with 95% capacity retention. EIS over the course of long term testing showed little change indicating a stable and robust electrode.
A SEC with 5 layers per electrode was employed in order to show that our material is suitable for real world applications where volumetric density is important. The Ragone plot displays a performance that is up at the top range of supercapacitor device performance per total volume. GCD displayed high reversibility up to 10 A/g and long term stability over 10 000 cycles with 93% capacity retention. The Nyquist plots showed little change while the SEM images of the composite structure showed no visual changes. This SEC showed a 4 fold increase in the specific capacitance as compared to the single electrode device
